Abstract Pesticide residue analysis plays an important role in the quality control of Chinese materia medica. This paper reports the development and validation of an analytical method for the quantitative determination of the residues of 39 pesticides in 12 different matrices of Chinese materia medica. Sample preparation utilized the QuEChERS method with acetonitrile:1% aqueous acetic acid (9:1, v/v) as extraction solvent followed by sample clean-up by dispersive solid phase extraction using primary secondary amine sorbent and graphitized carbon black. Extracts were then analysed by gas chromatography coupled with electron impact mass spectrometry in the selected ion monitoring mode. Limit of detection (LOD) and limit of quantitation (LOQ) values were in the ranges 0.5-50 ng/g and 1-100 ng/g, respectively. The recoveries of the 39 pesticides were in the range 75-112% with precision (as relative standard deviation, RSD) o15%. The results Acta Pharmaceutica Sinica B 2012;2(3):286-293 show that the modified QuEChERS method allows rapid and sensitive analysis of multiple pesticide residues in Chinese materia medica.
Introduction
Chinese materia medica (CMMs) are widely used around the world, especially in Asia 1, 2 . As a result, the toxicity of CMMs arising from the presence of exogenous harmful compounds is a significant public health concern in China and other countries. The most important potential toxins are the residues of pesticides which are often applied to herbs to control pests during their growth. Residues of these pesticides and their degradation products in soil may penetrate plant tissues 3 and pose a risk to humans ingesting them. In the Chinese Pharmacopoeia (Ch.P. 2010 edition, first section), the analytical method for controlling the level of pesticide residues stipulates the maximum residue limits (MRLs) of only nine organochlorine pesticides (OCPs) for only two kinds of Chinese herbs, Glycyrrhizae Radix et Rhizome and Astragali Radix. In addition, because of the complex matrix of CMMs 4 , extensive sample treatment involving sulphonation and solid phase extraction is required which has the potential to destroy the pesticides in samples. As a result and to ensure their safety, there is a definite need for a rapid and sensitive analytical method to determinate multiple pesticide residues in CMMs.
Sample preparation by the QuEChERS (Quick, Easy, Cheap, Effective, Rugged and Safe) method was first reported in 2003 to facilitate multiple pesticide residue analysis 5 . The method has already been widely accepted and used to detect pesticide residues in foods and vegetables [6] [7] [8] . Attempts have also been made to apply it to detect pesticide residues in CMMs 9-11 but there remain significant problems due to interference from the wide variety of constituents in Chinese herbs 11, 12 with their different polarities, solubilities and acidbase properties 9, 13 . In particular, the pigments, fatty acids and volatile oils in CMMs exert strongly negative effects on the detection signal in gas chromatography-mass spectrometry (GC-MS). For example, analysis of the pesticide residues in Chuanxiong Rhizoma previously treated with dichlorvos and other toxic pesticides suffers interference from the large amount of volatile oil it contains 14 . Thus, further refinements in sample preparation are necessary to overcome these interference problems in the determination of pesticide residues in CMMs.
The objective of this study was to modify the QuEChERS method of sample preparation to allow assay of pesticide residues in CMMs with minimal interference using GC-MS. Twelve species of CMM, including five forms (roots and rhizomes, cortices, flowers, leaves and seeds) were chosen to establish the applicability of the new method.
Materials and methods

Standards and reagents
A total of 39 pesticide standards (Table 1) in liquid form were purchased from the Agro-Environmental Protection Institute of China. Stock solutions (100 mg/mL) of each pesticide were used to prepare mixed stock solutions containing 5.0 mg/mL of each compound. Two mixed stock solutions were prepared (Table 1) , one (SIM A) containing compounds 1-20 made up in n-hexane and the other (SIM B) containing compounds 21-39 made up in acetone. Mixed standard solutions for linearity assessment were prepared containing 5-500 ng/mL of each compound for SIM A and 20-2000 ng/mL of each compound for SIM B. Stock and standard solutions were stored at À20 1C when not in use. Primary and secondary amine (PSA) exchange material and graphitic carbon black (GCB) were purchased from Sepax-UCT Inc. (USA). HPLC grade acetonitrile and n-hexane were purchased from Fisher Scientific Co. Other common reagents including acetone, acetic acid (HAc), anhydrous magnesium sulphate, sodium acetate and sodium chloride were all of analytical grade and purchased from Chengdu Kelong Chemical Co. Ultrapure water was prepared using a Millipore Milli-Q purification system (Millipore Corp., Bedford, MA).
CMM samples
Species of commonly used CMM were purchased from major markets across Sichuan province, China and included the following 12 herbs: Ophiopogonis Radix, Angelicae Dahuricae Radix, Gastrodiae Rhizoma, Pinelliae Rhizoma, Chuanxiong Rhizoma, Magnoliae Officinalis Cortex, Kochiae Fructus, Arctii Fructus, Cnidii Fructus, Carthami Flos, Lonicerae Japonicae Flos and Mori Folium. Three samples of each herb were analysed making a total of 36 samples.
GC-MS analysis
The GC-MS system (Agilent Technologies, USA) consisted of a 7890A gas chromatograph equipped with a G4513A autoinjector and a 5975C mass spectrometer. The detector was operated in the electron impact (EI) ionization mode (electron energy 70 eV) using helium (purity 99.9999%) as carrier gas. Occasionally some target ions of the 39 pesticides were affected by impurities. In these cases, ions that were not affected were chosen to ensure accuracy of analysis. Table 1 gives the final SIM conditions for each pesticide including retention times (t R ), target ions (T) and two qualifier ions (Q). To identify pesticides, the retention time and ions were used with the assistance of the NIST's pesticide library (Gaithersburg, MD, USA). Figs. 1 and 2 show typical gas chromatograms of the 39 pesticides.
Sample preparation and clean-up
Samples were extracted according to the QuEChERS method 5 , with modifications to the proportion of sample and solvent. Briefly, 2.0 g sample powder (sieved through a No. 40 mesh sieve) was weighed into a 50 mL centrifuge tube to which 10 mL acetonitrile:water containing 1% HAc (9:1, v/v) was added and the tube sealed and votexed for 30 s. To induce phase separation and pesticide partitioning, 4.0 g anhydrous magnesium sulphate, 1.0 g anhydrous sodium chloride and 0.5 g sodium acetate were added after which the tube was sealed, ultra-sonicated for 5 min and centrifuged for 2 min at 4000 rpm. For sample clean-up, 1.0 mL of the upper layer was transferred into a 2.5 mL centrifugation tube containing 50 mg PSA sorbent, 25 mg GCB and 150 mg anhydrous magnesium sulphate. The tube was closed, vortexed for 30 s and centrifuged for 5 min at 12,000 rpm. An aliquot of the upper layer was transferred into a vial and stored at -20 1C pending analysis.
Results and discussion
Optimization of GC-MS conditions
The m/z range used for full scan of each compound was reduced to the smallest appropriate range to increase sensitivity. Full scan spectra were obtained and appropriate T and Q ions selected (Table 1 ) on the basis of highest m/z ratio (increase in selectivity) and abundance (increase in sensitivity) 15 . However, peaks with the highest m/z ratio were associated with low abundance so that a compromise between the two factors was required 16 . Since the selected ions could be subject to interference, three or four ions for each compound were tested and the ion(s) giving maximum sensitivity with minimal interference was selected.
Optimization of extraction and clean-up
Extraction conditions
In pesticide residue analysis, sample preparation is often the most time-consuming, labor intensive and complicated part of the procedure. According to the characteristics of a given pesticide, the extraction solvent can be chosen from a number of possibilities including acetone 17 , cyclohexane 18 and acetonitrile 19 . Compared to other solvents, acetonitrile tends to give higher recoveries, better compatibility with GC and less interference from lipids, proteins and other co-extracted matrix components. For this reason, acetonitrile was chosen as the extraction solvent in the QuEChERS method. However, according to the report 16 , the phenomenon that the signals of some pesticides such as dicofol and p,p 0 -DDT would reduced sharply in acetonitrile would be improved by adding aqueous HAc in acetonitrile. Fig. 3 shows how the peaks reduce due to dicofol and p,p 0 -DDT are affected by extraction solvent and that acetonitrile acidified with HAc gives the best response. Moreover, the addition of HAc did not affect the stability of the other pesticides 20 . Addition of magnesium sulphate to assist partitioning yielded a significant increase in the volume of the upper layer and gave higher recoveries. Sodium chloride was replaced with sodium acetate to make a buffer solution with HAc in order to maintain pH in the range 6-7 21 .
Sample clean-up
Several sorbents can be used to clean-up extracts in pesticide residue analysis including PSA sorbent, GCB, florisil s and ODS SPE cartridges 22 . Dispersive solid phase extraction with a combination of PSA sorbent and GCB has been found to remove more matrix materials 23 . The mechanism by which PSA sorbent does this is based on weak ion exchange whereby fatty acids, sugars and other components that form hydrogen Table 3 Relative standard deviations of accuracy and precision (%) obtained at three concentration levels for 39 pesticides (including isomers) in Pinelliae Rhizoma (n¼ 3). bonds are removed. The inclusion of GCB is to remove pigments especially chlorophyll but it must be remembered that GCB retains pesticides and should be used with caution 20 . The effects of the amounts of PSA sorbent and GCB on sorbent capacity for isomers of benzene hydrochloride (BHC) is shown in Fig. 4 . A combination of 50 mg PSA and 25 mg GCB was found to give the best results.
Validation of the method
All calibration curves for the 39 target compounds were linear with correlation coefficients r 2 40.995 over the relatively wide concentration ranges used (5-500 ng/mL for SIM A and 20-2000 ng/mL for SIM B) ( Table 2 ). Limit of detection (LOD) and limit of quantitation (LOQ) values were in the ranges 0.5-50 ng/g and 1-100 ng/g, respectively. Method precision (as relative standard deviation, RSD) was evaluated by determining reproducibility and intra-and inter-day precision. Reproducibility (n¼ 6) was in the range 2.7-10.2% with intraand inter-day precisions o6.1% and o7.6% respectively (Table 3) . Recovery experiments using spiked blank samples at three concentrations show that recoveries of the 39 pesticides were in the range 75-112% with RSD o15%.
Application of the method
Results of analysis of the 12 species of commonly used CMMs are shown in Table 4 and Fig. 5 . It is clear that 8 pesticides were detected in 9 of the 12 species (see Section 2.2) with concentrations in the range 0.0117-0.1816 mg/g.
Conclusions
A rapid and efficient method for the determination of the residues of 39 pesticides in Chinese materia medica has been developed and validated. Only 2.0 g sample was used to reduce interference from pigments. The extraction solvent was mainly acetonitrile with 1% aqueous HAc added to prevent target compound degradation. Sodium acetate was added subsequently to generate a buffer solution with pH 6-7. Extracts were cleaned up using dispersive solid phase extraction with a combination of PSA sorbent and GCB to remove polar matrix components. This method of sample preparation effectively decreased the content of fatty acids, sugars and other components in the final extract and protected the chromatographic system. Compared to previously reported analytical methods for pesticide residue determination in Chinese materia medica, the proposed method is simple, convenient and economical.
